Investigation of potassium-ion (K + ) dynamics in materials using magneto-spin properties is an indomitable feat, due to its inherently weak nuclear magnetic moment relative to other lithophile ions such as sodium. On the other hand, spin-polarised muons in muon spin rotation and relaxation (µ + SR) measurements are known to have strong gyromagnetic moment ideal for probing dynamics of ions with weak magneto-spin moments in materials. Here we report the magnetic properties and K + dynamics in honeycomb layered oxide material using µ + SR measurements. K 2 Ni 2 TeO 6 exhibits an antiferromagnetic transition at 26 K, as further affirmed by magnetic susceptibility measurements. Moreover, K 2 Ni 2 TeO 6 becomes antiferromagnetic under a first-order phase transition, with a possible commensurate spin ordering. µ + SR studies performed on K 2 Ni 2 TeO 6 at high temperatures reveal potassium ions (K + ) to be mobile beyond 250 K (with an extrapolated activation energy of 120 (13) meV), revealing for the first time that K + dynamics in potassium-based materials can be measured using µ + SR.
Investigation of potassium-ion (K + ) dynamics in materials using magneto-spin properties is an indomitable feat, due to its inherently weak nuclear magnetic moment relative to other lithophile ions such as sodium. On the other hand, spin-polarised muons in muon spin rotation and relaxation (µ + SR) measurements are known to have strong gyromagnetic moment ideal for probing dynamics of ions with weak magneto-spin moments in materials. Here we report the magnetic properties and K + dynamics in honeycomb layered oxide material using µ + SR measurements. K 2 Ni 2 TeO 6 exhibits an antiferromagnetic transition at 26 K, as further affirmed by magnetic susceptibility measurements. Moreover, K 2 Ni 2 TeO 6 becomes antiferromagnetic under a first-order phase transition, with a possible commensurate spin ordering. µ + SR studies performed on K 2 Ni 2 TeO 6 at high temperatures reveal potassium ions (K + ) to be mobile beyond 250 K (with an extrapolated activation energy of 120 (13) meV), revealing for the first time that K + dynamics in potassium-based materials can be measured using µ + SR.
I. INTRODUCTION
Layered oxides have garnered prime attention over the last decade owing to their piquant physical and chemical properties across varied aspects ranging from, inter alia, phase transition (e.g. superconductivity, Kitaev magnet) [1] [2] [3] [4] , thermodynamics (e.g. fast ionic conductivity) [5] and exotic electromagnetic spin interactions (multiferroics, high-voltage electrochemistry) [6] [7] [8] . Layered oxides entailing alkali atoms sandwiched between slabs with transition metal atoms (commonly referred to as transition metal layered oxides), have been at the cynosure of the aforementioned research endeavour. In particular, transition metal layered oxides adopting the chemical composition AM O 2 (where A denotes an alkali atom and M is typically a transition metal atom) have intensively been studied not only from a fundamental point of view but also an applied perspective. For instance, NaCoO 2 and it related compositions are a widely known material exhibiting a plenitude of intriguing physical properties at low temperatures such as spin density waves [9] , superconductivity (hydrated compound [10, 11] ), metal-insulator transitions [12] , in addi-tion to unique magnetic and charge ordering phases [13] .
In electrochemistry, NaCoO 2 has also been investigated as an electrode material (namely, cathode) in Naion batteries not only due to its sustainability but also its fast sodium-ion diffusive capabilities [14] [15] [16] . Despite this, another class of layered oxides has emerged to supersede NaCoO 2 , which comprises alkali atoms sandwiched between slabs with transition metal atoms now rearranged in a honeycomb fashion. Whilst both of these oxides admit a wide range of lithophile atoms such as Na, K, et cetera, the honeycomb framework endows e.g. Na 2 Ni 2 TeO 6 (or equivalently as Na 2/3 Ni 2/3 Te 1/3 O 2 ) [17, 18] and K 2 Ni 2 TeO 6 (K 2/3 Ni 2/3 Te 1/3 O 2 ) with a higher voltage cation electrochemistry and better structural stability [19] . K 2 Ni 2 TeO 6 adopts essentially the same crystal structural motif as Na 2 Ni 2 TeO 6 as shown in Figure 1 (a) , with a significant increase of the interslab distance owing to the larger potassium atoms that reside between the honeycomb slabs entailing Ni octahedra surrounding Te octahedra in a honeycomb fashion.
Exotic magnetic properties can be anticipated also in K 2 Ni 2 TeO 6 , arising from the regular honeycomb configuration of Ni atoms (Figure 1(b) ), triggering the interplay between adjacent antiferromagnetic (AFM) interactions [3, 18] . Complex magnetic structures can be expected owing to the competition between the direct interactions of magnetic Ni atoms and exchange interactions via the arXiv:2003.05805v1 [cond-mat.mtrl-sci] 12 Mar 2020 non-magnetic O atoms.
Besides, the large ionic radii of potassium cations which leads to the increase in the interslab distance influences not only their electric and magneto-spin interactions with Ni and O atoms, but also their diffusion properties. This is in part due to the weak nuclear magnetic moment of potassium and oxygen that mediates their interaction and consequently influences diffusion. Potassium, relative to other lithophile atoms such as sodium, has a weak nuclear magnetic moment that renders this interaction very elusive to probe.
This places muon spin rotation and relaxation (µ + SR) measurements at the frontier of spectroscopy techniques geared at probing the aforementioned interactions, since the positive muon possesses a charge and a strong gyromagnetic moment. In particular, the positive muon attaches to the negatively charged oxygen atoms whilst strongly interacting with the mobile cations. This means that diffusion of potassium cations with intrinsically weak magnetic interactions becomes feasible under µ + SR spectroscopy techniques. Here we report for the first time the measurement of magneto-spin and K-ion dynamics in honeycomb layered K 2 Ni 2 TeO 6 oxide material using µ + SR spectroscopy techniques. K 2 Ni 2 TeO 6 exhibits an antiferromagnetic transition at 26 K and ZF-µ + SR oscillation signal suggests commensurate spin ordering down to 2K. µ + SR studies performed on K 2 Ni 2 TeO 6 at high temperatures reveal potassium ions (K + ) to be dynamic above 250 K (with a measured activation energy of 120 (13) meV), revealing for the first time that K + dynamics can be effectively measured using µ + SR. , and K3 (gray)) that can move in a two-dimensional (2D) fashion, as reported in Ref. [19] . Red line indicates Ni-Ni network (interatomic distance inÅ).
II. EXPERIMENTAL

A. Materials synthesis
Polycrystalline powders of K 2 Ni 2 TeO 6 (K 2/3 Ni 2/3 Te 1/3 O 2 ) were synthesised us-ing a high-temperature ceramics route. Stoichiometric amounts of NiO (99.9 % purity, Kojundo Chemical Laboratory (Japan)), TeO 2 (99.0 % purity, Aldrich) and K 2 CO 3 (99.9% purity, Rare Metallic (Japan)) were mixed, pressed into pellets and finally heated for 23 h at 800 • C in air. The attained powders were stored in an argon-purged glove box that was maintained at a dew point of below -80 • C dP, to avert exposure of the materials to moisture.
B. Magnetic susceptibility measurements
Magnetic measurements (as a function of temperature) were performed with a 9 T Quantum Design superconducting quantum interference device magnetometer in zero-field-cooled (zf c) or field-cooled (f c) modes upon warming between 5 and 300 K. The magnetic susceptibility was obtained based on the equation χ = M /H, where M is the magnetisation obtained by dividing the measured magnetic moment by the sample mass and H is the external applied magnetic field (in Oe).
C. Muon spin rotation and relaxation ( µ + SR) measurements
µ + SR experiments were performed at a surface muon beam line using the surface muon spectrometer GPS at PSI in Switzerland. The powder sample (m ≈ 0.5 g) was placed in a sealed envelope made out of a 25 µmthick silver foil covering a surface area of 1 × 1 cm 2 . The sample preparation was performed in a helium glovebox to avoid sample degradation. In order to minimise the background signal, an envelope was attached to a fork-type Cu sample holder using a single layer of Alcoated mylar tape. The sample holder was attached to a stick and inserted into a liquid-He flow-type cryostat for measurements in the temperature ranges of 2 − 50 K where weak transverse-field (wTF) of 20 G, and zero-field (ZF) µ + SR spectra were collected.
For the high-temperature ion diffusion measurements, µ + SR spectra were recorded using a EMU spectrometer at the pulsed muon source of ISIS/RAL (UK). A powder sample of K 2 Ni 2 TeO 6 (m ≈ 1 g) was pressed into a pellet with a diameter and thickness of 25 mm and 3.0 mm, respectively. This pellet was packed into a sealed (gold O-ring) powder cell made of non-magnetic titanium using a thin (50 µm) Ti-film window for the muons. Sample preparation was performed also inside a helium glove-box to avoid sample degradation. In addition, a silver mask was mounted onto the Ti-cell to ensure that no any minor background signal is non-relaxing in a wide temperature range. The cell was mounted onto a Cu end-plate of closed-cycle refrigerator (CCR) and measurements were performed at temperatures ranging between 50 and 550 K. µ + SR spectra were subsequently collected at ZF, wTF (of 20 G) and longitudinal field 20. The musrfit [21] software package was used to analyse the µ + SR data.
III. RESULTS AND DISCUSSION
A. Magnetic susceptibility Figure 3 shows the dc magnetic susceptibility plots of K 2 Ni 2 TeO 6 measured under a magnetic field of 100 Oe in the temperature ranges of 5 -300 K. K 2 Ni 2 TeO 6 exhibits antiferromagnetic behaviour with a maxima of the curve at around 33 K. The magnetic transition is also well evidenced in the differential susceptibility [dχ/dT ](T) curves, at an antiferromagnetic Neel temperature (T N ) of approximately 26 K in both zf c and f c modes(only f c is shown in inset of Figure 3 ).
No significant divergence between zf c and f c magnetisation curves is observed. The susceptibility data (1/χ) were fit to the Curie-Weiss (CW) law (using data points above 80 K), yielding a Curie-Weiss constant θ CW = -30.3 K. The negative Weiss constant indicates AFM interactions, which could arise from superexchange interaction of nearest and next-nearest neighbour interactions of Ni. Further, an effective magnetic moment, µ eff = 2.53 µ B /Ni was obtained, which is in agreement with the theoretical spin only value for Ni 2+ (2.3 µ B ). The slight higher value of experimental magnetic moment can be explain by the spin-orbital coupling as also mentioned in Na 2 Ni 2 TeO 6 [18, 22] . temperature decreases below 30 K, the oscillation amplitude due to the applied wTF rapidly decreases, indicating the appearance of additional internal magnetic fields (i.e. static spin order). Below 30 K, the wTF µ + SR spectrum was consequently fitted using a combination of a relaxing precessing signal and a slow relaxing non-oscillatory signal. The first component is due to the externally applied magnetic field (wTF = 20 G) and the second due to the internal magnetic field induced from the magnetic ordering. Above 30 K, the spectrum was fitted using a combination of a relaxing precessing signal and a fast relaxing non-oscillatory signal due to the fast spin fluctuation.The fit function for the wTF spectra is as follows:
where P TF (t) is the muon spin polarisation function, A 0 is the initial asymmetry, A TF , A S and A F are the asymmetries of the related polarisation components, 2πν TF is the angular frequency of the Larmor precession under applied transverse field, λ TF , λ S and λ S are the exponential relaxation rates for the three components and φ is the initial phase of the processing signal. The magnetic transition temperature can be determined by analysing the fitting parameter A TF . An increase of the A TF fits is observed as the temperature increases, corresponding to a transition from a magnetically ordered state to a paramagnetic state. As shown in Figure 4 (b) , the trend of the asymmetries has been fitted with a sigmoid fit and the transition temperature is defined as the middle point of the fitting curve, where the normalised A TF /A 0 = N ATF is equal to 0.5. The bulk magnetic transition defined by µ + SR is T N = 26.1 (1) K. This transition temperature is in excellent agreement with the result from magnetisation measurement ( Figure  3 ).
Below 20 K down to the base temperature of this experiment (2 K), the oscillation from the externally applied field is still observed clearly, volume fraction of 28 %, corresponding to a paramagnetic phase. This could suggest the presence of a second paramagnetic phase in this compound, which might have a magnetic transition at even lower-temperature. However, it could also indicate the presence of a high-symmetry muon site where the resulting internal magnetic field is zero down to T = 2 K. The absence of any detectable impurity phases from X-ray diffraction measurements, clearly supports the latter case.
C. µ + SR measurements under zero-field (ZF) taken below antiferromagnetic transition temperature (TN)
To further understand the magnetic ordering of K 2 Ni 2 TeO 6 , µ + SR measurements under zero-field were performed at temperatures between 2 and 40 K. Figure 5 shows time spectra recorded at base temperature 2 K. It is apparent that muon spins are precessing at 2 K due to the appearance of a spontaneous internal magnetic field, resulting in a clear oscillation in the time spectrum under ZF. This is a typical response from a muon ensemble in a magnetically ordered state. Inset of Figure 5 shows the time spectrum under ZF at 2 K in an early time domain for K 2 Ni 2 TeO 6 . Fourier analysis of the signal reveals two distinct components with frequencies: f AF1 = 30 MHz and f AF2 = 43 MHz, with an asymmetry ratio of 1 : 10 (as is shown in Figure 7(d) ).
In addition, there is a fast relaxing signal in the initial time spectra. Such behaviour may have several explanations; in particular this kind of signal might be due to delocalised muons or fast fluctuating moments arising from either the Ni ions or magnetic impurities. Thus, this ZF spectrum at 2 K was fitted by a combination of two damped cosine oscillations, which are originating from the static magnetic ordered, one fast and one slow (for 1/3 tail) exponentially relaxing non-oscillatory components and one exponentially relaxing non-oscillatory components due to the paramagnetic signal observed by wTF spectra (A BG fixed at 0.0728):
where A 0 is the initial asymmetry, A AF1 , A AF2 , A S , and A F are the asymmetries associated with the four signals, ω AF is the angular frequency of the muon spin precession corresponding to the static internal AF field, φ AF1 is the initial phase of the oscillatory signal, λ AF , λ S , and λ F are the exponential relaxation rates of each signal. As shown in Figure 5 , both short (t < 0.2 µs) and long (t up to 8 µs) time spectra were well fitted using Eq. 2. Both φ AF1 and φ AF2 show similar temperature trend from individual fitting, thus the φ AF values were fixed to be same. The A AF1 and A AF2 values were also found to be more or less independent of the temperature, that is 0.0065 and 0.0811 respectively, and were treated as common parameters in the temperature range between 2 and 23.5 K. Figure 6 shows the temperature dependency of ZFµ + SR time spectra (t < 0.2 µs) in between 2 and 30 K. The time spectra recorded below the transition temperature (= 26 K) were well fitted using the Eq. 2 in both long and short time domains. Figure 7(a) exhibits the two frequencies as a function of temperature, corresponding to a magnetic order parameter. As temperature decreases from 40 K, both f AF1 and f AF2 drastically increase (∼ 75 -93 % of its base temperature value) at around 25 K. This is indicative of a first-order transition, which then could be linked to a multiple structural phase transition. Furthermore, these two frequencies seem to abruptly disappear almost at the same temperature (namely, T N = 26 K). This suggests that the two frequencies are not caused by the coexistence of two different phases in the sample but rather by two magnetically inequivalent muon sites in the lattice. Both λ AF1 and λ AF2 are rather constant (Figure 7(b) ), but the λ AF2 increases near T N , indicating an increase towards a wider field distribution around T N .
Zero-field (ZF) T = 2 K
Finally, except for a small temperature range near T N , φ AF is -20 • at 2 K and is almost constant up to the vicinity of T N (Figure 7(c) ). This suggests that Eq. 2, that models a commensurate spin structure to the crystal structure lattice period, might be too simple. Instead some form of incommensurate spin order could perhaps be expected, given that incommensurate spin order results in a shift of the time spectrum. In such cases a combination of spherical Bessel function, that models incommensurate ordering, might be more suitable. Indeed, usually a commensurate magnetic ordering gives φ AF = 0, but small phase shifts in AF are not too uncommon. Finally, this -20 • delay could also be emanating from the presence of multiple muon sites. [23, 24] .
Note that all the µ + SR parameters under ZF show a monotonic change in the temperature range between 2 K and T N . The present results hence suggest the absence of an additional magnetic transition in this temperature range, which is in good agreement with the magnetisation and wTF spectra results. Neutron diffraction studies can shed light on the magnetic order of K 2 Ni 2 TeO 6 , details of which are beyond the scope of the current study.
D. High-temperature potassium-ion diffusive properties
To study the solid-state K-ion diffusive properties of K 2 Ni 2 TeO 6 compound, µ + SR measurements above the magnetic transition temperature were performed. Both Li-ion [25] [26] [27] and Na-ion [28, 29] diffusive properties as a function of temperature have been extensively studied using a series of ZF, wTF and LF µ + SR time spectra Temperature-dependent µ + SR spectra for K 2 Ni 2 TeO 6 taken under zero-field. Solid lines show the fits based on Eq. 2. Each spectrum was offset along the y-axis by 0.1, for clarity of display.
and standard techniques such as nuclear magnetic resonance (NMR) spectroscopy. However, since the nuclear moment of K (µ[ 39 K] = 0.39 µ N ) is much smaller than for Li (µ[ 7 Li] = 3.26 µ N ) and Na (µ[ 23 Na] = 2.22 µ N ), the measurement of K-ion dynamics using standard techniques [30, 31] is challenging. This means that µ + SR is uniquely suited to probing the K-ion diffusive properties.
In what follows, µ + SR time spectra were collected in the temperature range between 50 and 550 K at EMU, (ISIS, UK). At each temperature, the ZF and two LF spectra (10 and 30 G) were fitted by two exponentially relaxing dynamic Kubo-Toyabe (KT) function and a background signal from the fraction of muons stopped mainly in the silver plate mask:
where A 0 is the initial asymmetry, A KT and A BG are the asymmetries associated with the two signals, ∆ is related to the static width of the local field distribution at the disordered sites via the gyromagnetic ratio of the muons, and ν is the field fluctuation rate. When ν = 0, and H LF1 = 0, G DGKT (∆ 1 , v 1 , t, H LF1 ) is the static Gaussian KT function in ZF. Furthermore, a fitting procedure was employed over the entire temperature range using a common background asymmetry (A BG ∼ 0.04723), but with a temperature dependent field fluctuation rate (ν) and relaxation rate (λ). ∆ was also treated as a common parameter over the entire temperature range [∆ KT1 ∼ 0.0432 s −1 and ∆ KT2 ∼ 0.291 s −1 ]. Since the two ∆ KT are one order magnitude different, this means two individual muon sites with the different local field distribution in the lattice. The volume fraction ratio between A KT1 /A KT2 is 6/4 at 50 K while 32/1 at 550 K as shown in Figure 9 (a). Two muon sites are also observed in the µ + SR study (Eq. 2). However, in order to investigate the location and number of muon site in the lattice, theoretical calculations based on the crystal structure model is required. Figure 8 shows the ZF and longitudinal field (LF) µ + SR time spectrum obtained at (a) 50 K, (b) 500 K. A decoupling effect by the applied LF (= 10 and 30 G), i.e. a reduction in the relaxation rate, is seen even for small fields even at 50 K, suggesting that the depolarisation seen in Fig. 8 (a) is stemming from nuclear moments. The small nuclear moments of the compound elements (K, Ni, Te and O) in the compound result in small values of ∆, resulting in a almost exponential like line shape. Figure 9 (c) shows the temperature dependency of ν from two KT functions. ν KT1 is almost constant over whole temperature range (ν KT1 at 50 K is 0.184), while ν KT2 is close to zero up to 200 K, and start increasing at 250 K. The increase in ν KT2 between 250 and 550 K can be explained by a thermal activation process, which signals the onset of diffusive motion of either K + or µ + above 250 K. Here, the scenario of K-ion diffusion is strongly supported by electrochemical investigations that clearly indicate that the K-ions are mobile at these temperatures. The ν KT2 (T) of K 2 Ni 2 TeO 6 can be fitted to an Arrhenius type equation [red dashed line in Fig.  9 ]. From such fit, it is possible to extract the activation energy, which yield E a = 120 (13) meV. Note that ν KT2 for T > 500 K is excluded for this Arrhenius relationship since the error bar is large compare to the other temperature points. Finally, we can estimate the K-ion diffusion coefficient D K using the obtained fluctuation rate ν as directly measuring the ion hopping rate. The field fluctuation rate has in the past been successfully used to determine the diffusion coefficient for Li and Na compounds [26] , [29] . The principle of diffusion should naturally not change between the ions and similar calculation can then be done for K + . Assuming that the increase in ν [see Fig. 9 (c)] is due to K-ion diffusion, D K can be estimated via
where N is the number of K sites, Z is the vacancy fraction and s is the jump distance. Naturally, we shall restrict the diffusion path within the 2D layer of the honeycomb. Moreover, for simplicity, we shall naively assume a diffusion path only within the nearest neighbour sites within the honeycomb flower, giving Z adv = 0.24, s adv = 1.71Å and N = 3. Such assumption yields D = 1.8606×10 −11 cm 2 /s for ν(300K) = 0.29× 10 −6 . This value is one order of magnitude lower than the value of LiCoO 2 [26] . D K can also be calculated for other temperatures, e.g. 9.0053×10 −11 cm 2 /s using ν(400K) = 1.21 × 10 −6 and 1.3768×10 −10 cm 2 /s using ν(500K) = 1.85 × 10 −6 . Here it is assumed that the atomic structure remains the same within the entire temperature range.
To further investigate the ion diffusion in K 2 Ni 2 TeO 6 , detailed studies of the temperature dependent atomic structure using X-ray and/or neutron diffraction will be needed. Such investigations could also yield a more accurate information on the active diffusion paths [32] , which would also make our calculations of D K from ν(T ) much more reliable.
IV. CONCLUSIONS
Muon spin rotation and relaxation (µ + SR) measurements on K 2 Ni 2 TeO 6 reveal the onset of commensuratelike antiferromagnetic transitions at 26 K, which is of a first-order.
Further, potassium-ions (K + ) in K 2 Ni 2 TeO 6 have been found to be mobile above 250 K, with remarkably low activation energy of 120 (13) meV which is comparable to thermal activation energy scales of related lithium-and sodium-based materials. This brings related honeycomb layered oxide materials to the foreground of fast ionic conductors for energy storage. Moreover, we have shown, for the first time, the feasibility of µ + SR study in investigating the K + dynamics of materials which tend to have low nuclear magnetic moments. This study expands the research frontier of alkali-ion dynamics within materials, previously relegated mainly to lithium and sodium.
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